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Standing on the Shoulders of Giants 

 

By Patrick Bruskiewich 

 

Isaac Newton was born the year of Galileo’s death in 1642 and would die in 

1727.  His life would span the 17
th
 century, the period that has now become 

known as the beginning of the Age of Science.   

 

On the continent, and contemporary with Newton were Pierre Fermat (1601 

– 1665), Rene Descartes (1596 - 1650) and Blaise Pascal (1623 - 1662), 

luminaries of the French school of 17
th

 century mathematicians.    The 

Germans would arrive a century later. 

 

During the 17
th
 century, the great Dutch polymath Christian Huygens (1629 

-1695) would be hard at work building modern clocks, developing his wave 

theory of light, and doing fundamental work in observational astronomy.  

Huygens had an extensive knowledge of mechanics and had derived the 

expression for centripetal acceleration a = v
2
 /r, earlier than Newton.  

Newton would come to admire and respect Huygens and consider him a 

colleague and a friend, a rare honour during Newton’s lifetime.    

 

In 17
th
 century England, Robert Boyle (1626-1691) would be undertaking 

experiments in gas dynamics, vacuum physics and in fundamental basic 

chemistry.   
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Robert Hooke (1632 – 1702), who began his scientific work as Boyle’s 

assistant would do work in biology and in mechanics.   Hooke was one of 

the original members of the Royal Society.  There was an intense and 

internecine rivalry between Hooke and Newton that tore the Royal Society 

asunder and may have delayed the publication of Newton’s treatise 

Principia Mathematica.   

 

As the Princeton Physicist and Educator Dr. E. M. Rogers explained 

 

 “His rivalry with Newton obscured his fame and hurt him greatly.  But 

for Newton’s overshadowing genius, Hooke would have been classed 

as one of the great scientists of the age.  He bitterly claimed some of 

Newton’s mechanics as his own discovery.”   

 

It took the intervention of Newton’s colleague Edmund Halley (1656 - 1742) 

to see his treatise Principia Mathematica  published.  In a strange twist of 

internal politics the Royal Society had decided to publish an encyclopaedia 

of birds, an obscure title for and even more obscure author and in doing so 

had depleted its publishing funds.  Halley would gather together his own 

funds and that of like-minded contributors to see Newton’s book published.   

 

Edmund Halley is also remembered for his dialogue with Newton about the 

orbits and dynamics of comets, a subject very much at the forefront of 17
th
 

century astronomy and celestial mechanics.   The story of Halley’s Comet is 

presented in the body of this book.  The author was in his twenties when 

Halley’s comet returned for a visit to the inner solar system in the mid-
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1980’s.  It was thrilling moment, and one of many moments that served to 

tie his life back to that of Newton’s and Halley.  

 

Newton’s contribution to 17
th
 century science is so singularly important that 

it can be measured as equal to the contributions of all his contemporaries 

added together.  Such a happenstance occurs rarely in the history of science.  

In the 20
th
 century a comparable measure would be Albert Einstein or Paul 

Dirac measured against the contributions of all others.   

 

However, Newton did not seek out fame in his lifetime.  He was just 

interested in doing good mathematics and physics.   

 

As the author E.N. Andrade has written of Isaac Newton,  

 

“ Newton … unlike most men of science, never showed any strong 

wish to publish his work, but rather the reverse.  He had to be 

persuaded and coaxed to make the results of his labours known.  He 

would work out things of the utmost importance and then put them 

amongst his papers.  In consequence it is often not easy to find out what 

he did and when he did it, especially in this period before his first 

published work, which did not come out until he was twenty-nine.” 

 

Dr. E. M. Rogers would explain of Newton that  

 

“He was too absorbed in his work, or too shy, to publish his discoveries 

– this curious absent-mindedness or dislike of public argument lasted 

through his life.” 
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Excerpt from 

 

Sir Isaac Newton – Standing on the Shoulder of Giants 

Amazon Books, 2013 
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The Distance from the Earth to the Moon 

 

By Patrick Bruskiewich 

 

1. An Ancient Method Using Shadows 

 

Since ancient times astronomers have pondered the question of the distance 

from the Earth to the Moon.   

 

In modern times such a small distance is easily determined using lasers and 

radar, but before the middle of the 20
th
 century this simple distance was not a 

simple measurement to make. 

 

In ancient times it was noted that during a lunar eclipse the Earth casts a 

shadow with a circular edge or shape on the Moon.  A Lunar Eclipse occurs 

when the Moon passes through the Earth’s Shadow.   

 

One of the first ancients to speculate as to this phenomena was Aristotle who 

reasoned around 350 B.C. that the Earth was the cause of the shadow on the 

Moon and he therefore concluded that the Earth had the shape of a sphere.   

 

The shadow the Earth casts on the moon during a Lunar Eclipse has two 

main components; the Umbra is the darkest part of the shadow, within 

which no portion of the Sun’s surface can be seen from the surface of the 
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Moon, and the Penumbra which is not so dark since only part of the Sun’s 

surface is covered by the Earth. 

 

Most Lunar eclipses are partial lunar eclipses where only part of the lunar 

surface passes through the Umbra.  When the Moon travels completely into 

the Umbra a total lunar eclipse occurs.   

 

Depending on relative alignment, the length of the totality during a total 

lunar eclipse can last as long as 1 hour and 42 minutes.  Looking at a number 

of Lunar eclipses from the 1990s we see a variety to their duration: 

 

Date Duration 

(hr min) 

1992 December 10th 1  14 

1993 June 4th 1 38 

1993 November 29th 0 50 

1996 April 4th 1 24 

1996 September 27th 1 12 

1997 September 16th 1 06 

Average duration 1 14 

 

It takes around 3.5 hours for the Moon to travel into, through and out of the 

Umbra during a lunar eclipse.   
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2. Estimating the Earth -Moon Distance using Transit Times 

 

Around 270 B.C. the ancient astronomer Aristarchus used this transit time to 

estimate the distance between the Earth and the Moon.     

 

Let us assume that the Moon travels in a circular orbit around the Sun.   

 

It takes about 27.3 days, or 655.2 hours for the moon to complete one orbit 

around the Earth.   

 

The ratio of the distance traveled by the Moon during the transit time of 3.5 

hours compared to the circumference of the Moon’s orbit around the Earth is 

 

 

 

 

 

 

 

We can solve this for the Distance from the Earth to the Moon, namely 

 

 

 

 

 

 

( )

3.5hours 2 × Earth Radius

27.3×24hours Circumference of Moon's Orbit

2 × Earth Radius

2π Distance from Earth to the Moon

≈

=

( ) ( )27.3 x 24 hours
Distance from Earth to the Moon  Earth Radius

3.5π

59.6  Earth Radius

=

≈
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Around 200 B.C. Eratosthenes would go on to measure the radius of the 

Earth with great accuracy using cast shadows on the Earth’s surface 

assuming that the Earth is spherical in shape.  Eratosthenes arrived at a 

distance of around 6,277,000 m for the radius of the Earth.   

 

Using Eratosthenes’ measurement for the radius of the Earth one arrives at 

an estimate of  

 

 

 

 

which is 2 % less than the modern measured value. 

 

3. Using Simple Geometry to Estimate the Earth-Moon Distance 

 

Consider two observatories as far apart as conveniently possible and as 

nearly on the same meridian (for instance London England and the Cape of 

Good Hope which are separated by about 9,600 km and by 18 
o
 of 

longitude).    Using the secant as the baseline between the two observatories, 

the angles as measured from the two observatories allows triangulation of 

the distance.    

 

Another application of triangulation depends for the baseline on the distance 

that a single observatory is carried eastward by the rotation of the Earth in a 

known time.  These triangulation techniques agree in giving the average 

( )Distance from Earth to the Moon 59.6 (6,277,000 m)

= 374,100,000 m

≈
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distance from the Earth to the Moon of around 60 times the radius of the 

Earth, or around 382, 176, 000 m. 

 

4. Radar Distance Ranging 

 

RADAR means “Radio Detection and Ranging”, and so Radar ranging is 

somewhat redundant a term.   During the Second World War the German 

Luftwaffe developed the Wurzburg radar system with a large parabolic 

antenna.  After the Second World War some of these systems were 

refurbished for use in radio astronomy.   

 

The first measurements of the Earth-Moon distance, using radar ranging, 

was done using one of these refurbished Wurzburg radar system in Holland, 

modified by the Philips Electronics company.  In the 1950’s radio telescopes 

would be built and used to take similar measurements. 

 

Using radar ranging it is measured that it takes around 2.5 seconds for a 

radar pulse to travel to and from the moon.  This means that the distance 

from the surface of the Earth to the surface of the Moon and is 1/2 (2.5 

seconds) x speed of light, namely 

 

 

 

 

( ) ( )8Distance from Earth surface to Moon Surface 1.25× 3.0x10 m

=375,000,000 m

≈
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We need to add to this the radius of the Earth and that of the Moon (which is 

around 0.25 that of the Earth’s radius).  This extra distance that needs to be 

added is 

 

 

 

We estimate the Distance between the Earth and the Moons as 

 

 

 

 

In the late 1950’s, on a scary evening during the Cold War, a newly opened 

Distant Early Warning Radar system with NORAD (the North American 

Aerospace Defence Command) detected multiple ICBM missiles launches 

from within the Soviet Union.   

 

There were so many missile launches being detected in the Soviet Union that 

one of the radar technicians grew sceptical of the radar data and decided to 

take a peak outdoors. 

 

To his great relief he realized that the radar was picking up the mountain 

ranges at the edge of the Moon as the Moon appeared on the horizon.  

 

The technician realized as well that the pulse repetition rate of the Distant 

Early Warning Radar system was such that the return time and transmit time 

for the radar pulses were providing the anomalous reading.  

 

( )1.25 Earth Radius= 7850,000 m

( )Distance from Earth to the Moon 382,850,000 m≈
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With a mere flick of a switch the Distant Early Warning Radar system was 

set to another pulse repetition rate and the anomalous missiles launches 

vanished. 

 

NORAD would go on to use Earth-Moon radar ranging as a radar training 

and a diagnostic tool.  The USAF would also bounce radio messages off the 

moon as a trans oceanic communications system for a few years before 

satellites became widely used.  

 

5. Laser Ranging 

 

In 1969, as part of the Apollo 11 moon landing, a small reflector array was 

set up on the lunar surface at their landing site at Mare Tranquilitatis (the 

Sea of Tranquility) allowing precise pulses of laser light to be used to 

measure the distance.  This ranging technique is also called LADAR – 

“Laser Detection and Ranging.” 

 

It takes around 2.51 + 0.01 seconds for laser light to make the trip to and 

from the Moon, resulting in an estimated mean distance of   

 

 

 

once the radius of the Earth and the radius of the Moon is added on. 

 

During the Apollo moon missions people listening into the conversation 

between the astronauts on the moon and mission control learned to 

( )Distance from Earth to the Moon 384,350,000 m≈
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appreciate the 2.5 second delay in the radio traffic between the Earth and the 

Moon, and back.   

 

The wiser ones realized that the moon landings actually occurred 1.25 

seconds before the event was announced to the world by the cool calm and 

collected astronaut Neil Armstrong … “Tranquility base here, the Eagle has 

landed.”  

 

Both the radar ranging and the laser ranging distance from the Earth to the 

Moon is not a fixed distance but varies from moment to moment due to a 

number of gravitational perturbations.   

 

6. The Size of the Moon 

 

Once the distance to the Moon is measured it is a simple matter to 

triangulate the estimate the radius of the moon.  A simple technique to use 

similar triangles can also be used.   

 

A Canadian penny (diameter ~ 0.019 m) held in front of the Moon around 

2.10 metres away from one’s eye just about covers the moon. 

 

This means then that by similar triangles 

 

 

 

 

Coin Moon

Coin Moon

D D

R R
≈
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from which we find that 

 

 

 

 

 

 

 

An estimate for the radius of the Moon is half Rmoon = 1/2 DMoon, namely 

 

 

 

Which is within 1 % of the modern recognized value for the mean or 

average radius of the Moon. 

 

 

Excerpt From: 

 

From the Earth to the Moon  

Amazon Books, 2013 

 

Moon
Moon Coin

Coin

R
D D

R

384,350,000
=  0.019 m

2.10

=3,477,450 m

 
≈  
 

 
 
 

MoonR 1,739,000 m≈
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The Moon Illusion 

 

By Sir Patrick Moore 

Royal Astronomical Society 

 

The celebrated moon illusion, which has been the subject of a good 

deal of research, is not an atmospheric phenomenon at all, and in fact it still 

remains something of a puzzle.  For some reason or other, the full moon 

seems to look larger when close to the horizon than when it is high in the 

sky.  Indeed, the casual observer is apt to say that it looks twice the size, 

whatever the state of the sky – particularly at the time of the Harvest Moon. 

Actually. The Moon is slightly more distant when low down than when high 

up. The observer is brought toward the Moon as the Earth turns, so that the 

high Moon is a little the larger, as the Earth turns, so that the high Moon is a 

little larger, though the difference amounts to less than two per cent.  Why, 

then, should the low Moon look the bigger? 

 

It is not really so, as measurements prove, so that some trick of the 

eye or the brain is responsible. (In passing, the Moon never looks so large as 

most people imagine; try covering it with a small coin held at arm’s length, 

and you will see what I mean.) 

 

The illusion has been known for many centuries.  So far as I know, the 

first man who tried to explain it was Ptolemy, around A.D. 150, and his 

theory is certainly better than many of those put forward in modern times, 

though it is not likely to be the complete answer.  Ptolemy pointed out that 
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the low-down Moon is seen against a foreground of ‘filled space’ (trees, 

houses, etc.), and so there are nearby objects to act as comparisons; when the 

Moon is well above the horizon there are no comparisons, and we look at it 

across ‘empty space.’  When low, then, the Moon will seem to be more 

remote than when it is high; and if the images seen in the eye are of equal 

size, the disk which is the further away will seem to be the larger. 

 

Yet will the Moon really seem more distant when we look at it from 

behind ‘filled space’?  One man who disagreed was George Berkely, who in 

1709 published a completely different theory.  First he tried to dispose of 

Ptolemy’s idea, by looking at the rising full moon through a tube and 

thereby cutting out any foreground; he claimed the illusion was still obvious.  

He went on to suggest that because the low Moon is shining through a 

relatively thick layer of the Earth’s air, it appears fainter than the high Moon 

(because more of the moonlight is absorbed), and it is this which makes the 

low Moon seem both more remote and oversized.  Berkeley’s theory was 

supported in 1973 by Professor E.J. Furlong of Dublin University, though in 

modified form.  Furlong held that a change in the Moon’s colour, again due 

to it being seen through a thick layer of atmosphere, is an important factor.  

 

Some years ago E.G. Boring, at Harvard, carried out experiments 

which indicated that the illusion is due to the mechanism of the human eye; 

the unconscious effect of raising the eye to look at a high-up object causes 

the Moon to look smaller than is really is,  Boring’s work was followed was 

followed up in 1959 by Leibowitz and T. Hartman, at Wisconsin with 

experimented with disks seen at eye-level and overhead.  They   concluded 

that the illusion is due to the fact that we have more visual experience with 
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objects in the horizontal plane than in the vertical.  They also added that 

children were more affected than adults. 

 

The next major paper on the subject, by L. Kaufman and I. Rock in 

1962, was essentially a return to Ptolemy’s theory.  Other writers claimed 

that one-eyed observers were not conscious of the illusion, and that there 

was also a suggestion that dustiness in the atmosphere near the horizon blurs 

the edges of the Moon and enlarges the disk. 

 

   It all seemed very uncertain, and in 1974 I presented a television 

program about it.  With me was Professor Gregory, who is an acknowledged 

expert upon illusions in general (as well as on many other subjects!). The 

first thing we tried to do was test the Berkeley-Furlong theory.  We fixed up 

a white disk, and illuminated it from behind; then we observed it from a 

distance, dimming it and changing its colour by means of filters put in front 

of it.  There was no perceptible difference in apparent size, so we turned to 

an experiment entirely our own – though I must stress that Professor 

Gregory designed it, and that I was merely the operator. 

 

We went out on to the Selsey coast at the dead of night, armed with a 

system of movable mirrors.  The full moon was high up, and the sky was 

clear.  We could produce an artificial moon whose size could be altered by 

means of an iris, and by swinging the mirror we could alter the apparent 

altitude of the image of the real Moon.  The idea was to test not the real sizes 

of the disks, but their apparent relative sizes, which is not the same thing.  

While the senior experimenter operated the mirrors and lights, I stood well 

back and compared the two disks, estimating them as accurately as I could 
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and using a special measuring device.  First the real Moon was ‘brought 

down’ until it was side by side with the artificial one, and the iris was 

adjusted until, to me, the two disks were equal.  Then the real Moon was 

raised – and it seemed to shrink; only when the artificial image had been 

reduced by about 10 per cent, did the two seem equal again. 

 

We had also persuaded a member of our team to cover up one eye for 

several hours beforehand, and found that the illusion was still there.  To test 

the behaviour of my eyes when looking at objects from unfamiliar angles, I 

observed both the low Moon and the high Moon while standing on my head, 

thereby causing onlookers to class me as insane.  Again there was no 

difference in the illusion.  We finally concluded that Ptolemy had been on 

the right track, but that foreground, eye and brain were involved.” 

 

Excerpt from 

The Guide to the Moon (p. 67 – 69) 

By Sir Patrick Moore 

Lutterworth Press,  

Guildford and London, 1976 
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Time and Tide 

 

By Isaac Asimov 

In a League of his own 

 

The tides have bothered people for a long time, but not the good old Greeks, 

with reference to whom I start so many articles.    The Greeks, you see, lived 

(and still live, for that matter) on the shores of the Mediterranean Sea.  That 

sea happens to be relatively tideless because it is so nearly land-locked that 

high tide can’t get through the Strait of Gibraltar before the time for it has 

passed and it is low tide again. 

 

About 325 B.C., however, a Greek explorer, Pytheas of Massalia (the 

modern Marseille), ventured out of the Mediterranean and into the Atlantic.  

There he came across good pronounced tides, with two periods of high water 

each day and two periods of low water in between.  Pytheas made good 

observations of these, undoubtedly helped out by the inhabitants of the 

shores facing the open ocean who were used to tides and took them for 

granted. 

 

The key observation was that the range between high water and low water 

was not always the same.  It increased and decreased with time.  Each month 

there were two periods of particularly large range between high and low 

tides (“spring tides”) and, in between, two periods of particularly small 

range (“neap tides”). 
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What’s more, the monthly variations matched the phases of the Moon.  The 

spring tides came at Full Moon and new Moon, while the neap tides came at 

first quarter and third quarter.  Pytheas suggested, therefore, that the tides 

were caused by the Moon.  Some of the later Greek astronomers accepted 

this, but for the most part, Pytheas’s suggestion lay fallow for two thousand 

years. 

 

There were plenty of men who believed that the Moon influenced the 

manner in which crops grew, the rationality or irrationality of men, the way 

in which a man might turn into a werewolf, the likelihood of encountering 

spooks and goblins – but that it might influence the tides seemed to be a bit 

far! 

 

I suspect that one factor that spoiled the Moon/tide connection for thoughtful 

scholars was precisely the fact that there are two tides a day. 

 

For instance, suppose that there is a high tide when the Moon is high in the 

sky.  That would make sense.  The Moon might well be drawing the water to 

itself by some mysterious force.  No one in ancient and medieval times had 

any notion of just how such a force might behave, but one could at least give 

it a name such as “sympathetic attraction.”  If the water heaped under a high 

Moon, a point on the rotating Earth, passing through the heap, would 

experience a high tide followed by a low tide. 

 

But a little over twelve hours later, there would be another high tide and then 

the Moon would be nowhere in the sky.  It would be, in fact, on the other 
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side of the globe, in the direction of man’s feet.  There ought to be a hollow 

in the ocean, not a heap. 

 

Or could it be that the Moon exerted a sympathetic attraction on the side of 

the Earth nearest itself and a sympathetic repulsion on the side opposite.  

Then there would be a heap on both sides, two heaps all told.  In one rotation 

of the Earth, a point on the shore would pass through both heaps and there 

would be two high tides each day, with two low tides in between. 

 

The notion that the Moon would pull inn some places and push in other 

places must have been very hard to accept, and most scholars didn’t try.  So 

the Moon’s influence on the tides was put down to astrological superstition 

by the astronomers of early modern times. 

 

In the early 1600’s, for instance, Johannes Kepler stated his belief that the 

Moon influenced the tides, and the sober Galileo laughed at him.  Kepler, 

after all, was an astrologer who believed in the influence of the Moon and 

the planets on all sorts of earthly phenomena and Galileo would have none 

of that.  Galileo thought the tides were caused by the sloshing of the oceans 

back and forth as the Earth rotated – and he was quite wrong. 

 

Came Isaac Newton at last!  In 1685, he advanced the Law of Universal 

Gravitation.  By using that law it became obvious that the Moon’s 

gravitational field had to exert an influence on the Earth and the tides could 

well be a response to that field. 
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But why two tides?  What difference does it make whether we call the force 

exerted by the Moon on the Earth “sympathetic attraction” or “gravitational 

attraction”?  How could the Moon, when it was on the other side of the 

Earth, cause the water on this side to heap upward, away from the Moon.  

The Moon would still have to be pulling in one place and pushing in another, 

wouldn’t it?  And that still wouldn’t make sense, would it? 

 

Ah, but Newton did more than change words and substitute “gravity” for 

“sympathy.” Newton showed exactly how the gravitational force varied with 

distance, which was more than anyone before him had shown in connection 

with any vaguely postulated sympathetic force. 

 

The gravitational force varied inversely proportional as the square of the 

distance.  This means that the force grows smaller as the distance grows 

larger; and if the distance increases by a ratio x, the force decreases by a 

ratio x
2
 

 

Let’s take the specific case of the Moon and the Earth.  The average distance 

of the Moon’s centre from the surface of the Earth’s nearest itself is 375,000 

km.  In order to get the distance of the Moon’s centre from the surface of the 

Earth farthest from itself, you must add the thickness of the Earth (12,800 

km)  to the first figure, and that gives you 387,200 km. 

 

If we set the distance of the Moon to the near surface of the Earth as 1, then 

the distance to the far surface is 375,000 / 387,200 or 1.034.  As the distance 

increases from 1.000 to 1.034, the gravitational force decreases from 1.000 

to 1/ (1.034)
2
, or 0.93. 
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There is thus a 7.0 percent difference in the amount of gravitational force 

exerted by the Moon on the two sides of the Earth. 

 

If the Earth was made of soft rubber, you might picture it as yielding 

somewhat to the Moon’s pull, but each part would yield by a different 

amount depending on the strength of the pull on that particular part. 

 

The surface of the Earth on the Moon’s side would yield most since it would 

be most strongly attracted.  The parts beneath the surface would be attracted 

with a progressively weaker force and move less and less towards the Moon.  

The opposite side of the Earth, being farthest from the Moon would move 

towards it the least. 

 

There would therefore be two bulges, one on the part of the Earth’s surface 

nearest the Moon, since that part of the surface would move the most; and 

another on the part of the Earth’s surface farthest from the Moon, since that 

part of the surface would move the least and lag behind all the rest of the 

Earth … 

 

Actually the solid body of the Earth, held together by strong intermolecular 

forces, yields only slightly to the gravitational differential exerted by the 

Moon on the Earth.  The liquid oceans, held together by far weaker 

intermolecular forces, yield considerably more and make two “tidal bulges,” 

one toward the Moon and one away from it. 

 

As the Earth rotates, an individual point on some seacoast is carried past the 

first tidal bulge and then half a day later through the second.  There are thus 
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two high tides and two low tides in one complete rotation of the Earth … in 

one day. 

 

If the Moon were motionless, the tidal bulges would always remain in 

exactly the same place, and high tides would be exactly twelve hours apart.  

The Moon moves in its orbit around the Earth, however, in the same 

direction that the earth rotates, and the tidal bulge moves with it.  By the 

time the same point on Earth has passed through one bulge and is 

approaching a second, that second bulge has moved onwards so that the 

Earth must rotate an additional half hour in order to pass the point under 

question through high tide again. 

 

The time between high tides is twelve hours and twenty five minutes, and 

the time from one high water to the next one is twenty-four hours and fifty 

minutes.  Thus, the high tides each day comes nearly one hour later than on 

the day before.   

 

But why spring tides and neap tides and what is the connection between 

tides and phases of the Moon? 

 

For that we have to bring in the Sun.  It, too, exerts a gravitational influence 

on the Earth.  The gravitational pull of two separate heavenly bodies on the 

Earth varies directly with the mass of the bodies in question and inversely 

with the square of their distance from the Earth … You would therefore 

expect the Sun to create tidal bulges on the Earth, and so it does.  One bulge 

on the side toward itself, naturally, and one on the side opposite itself. 
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At the new Moon, the Moon is on the same side of the Earth as the Sun, and 

both Moon and Sun are pulling in the same direction.  The bulges they 

produced separately add to each other, producing an unusually large 

difference between high and low tide. 

 

At the full Moon, the Moon is on the side of the Earth Opposite that of the 

Sun.  Both, however, are producing bulges on the side nearest them and on 

the side opposite them.  The Sun’s near-bulge coincides with the Moon’s 

far-bulge and vice versa.  Once again, the bulges produced separately add to 

each other and another usually large difference between high and low tide is 

produced. 

 

Therefore the spring tides come at New Moon and Full Moon. 

 

At first and third quarter, when the Moon has the half-Moon appearance, 

Moon, Earth, and Sun form a right triangle.  If you picture the Sun as pulling 

from the right and producing a tidal bulge to the right and left of the Earth, 

then the Moon at first quarter is pulling from above and producing a bulge 

up and down.  (At third quarter, it is pulling from below and still producing a 

bulge up and down.) 

 

In either case, the two sets of bulges tend to neutralize each other.  What 

would ordinarily be the Moon’s low tide is partially filled by the existence of 

the Sun’s high tide, so that the range in water level between high and low 

tide is cut down.  Thus we have the neap tide at first and third quarter. 
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I said that the Moon’s low tide is “partially filled” by the existence of the 

Sun’s high tide.  Only “partially.”  Does that mean the Sun’s tidal bulges are 

smaller than the Moon’s tidal bulges? 

 

It sure does.  The tides follow the Moon.  The Sun modifies the Moon’s 

effect but never abolishes it … the Moon’s effect on tides is more than twice 

that of the Sun, despite the Sun’s much greater gravitational pull ... 

 

The tides, in a way, affect time.  At least, it is the tides that make our day 

twenty-four hours long.  As the tidal bulge travels about the Earth, it scrapes 

against the shallow sea bottoms (the Bering Sea and the Irish Sea are 

suppose to be the prime culprits) and the energy of Earth’s rotation is 

dissipated as frictional heat.  The energy of the Earth’s rotation is so huge 

that this dissipation represents only a very small portion of the total over any 

particular year or even any particular century.  Still, it is enough to be 

slowing the Earth’s rotation and lengthening the day by one second every 

hundred thousand years.   

 

This isn’t much on the human time scale, but if the Earth has been in 

existence fro five billion years and this rate of day-lengthening has been 

constant throughout, the day has lengthened a total of fifty thousand seconds 

or nearly fourteen hours.  When the Earth was created, it mush have been 

rotating on its axis in only ten hours (or less, if the tides were more 

important in early geologic times than they are now, as they might have 

been). 
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As the Earth’s rate of rotation slows down, it loses angular momentum as 

well, but this angular momentum cannot be dissipated as heat.  It must be 

retained, as angular momentum, elsewhere in the Moon-Earth system.  What 

the Earth loses the Moon must gain and it can do this by receding from the 

Earth.  Its greater distance means a greater angular momentum as it turns, 

since angular momentum depends not only upon rate of turn, but also upon 

distance from the center about which an object is turning. 

 

The effect of the tides, then, is to slow the Earth’s rotation and to increase 

the distance to the Moon. 

 

There is a limit to how much the Earth’s rotation will be slowed.  

Eventually, the Earth will rotate about its axis so slowly that one side will 

always face the Moon as the Moon turns in its orbit.  When that happens, the 

tidal bulge will be “frozen” into place immediately under the Moon (and on 

Earth’s opposite side) and will no longer travel about the Earth.  No more 

friction, no more slowing.  The length of the Earth day will then be more 

than fifty times as long as the present day, and the more distant Moon will 

turn in its orbit twice the period it now turns. 

 

Of course, the tidal bulges of the Sun will still be moving about the Earth 

some seven times a year and this will have further effects on the Earth-Moon 

system, but never mind that now. 

 

Even of there were no oceans on the Earth, there would still be tidal friction, 

for the solid substance of the Earth does yield a bit to the differential pull of 
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the Moon.  This bulge of solid material traveling around the Earth also 

contributes to internal friction and to the slowing of the Earth’s rotation. 

 

We can see this at work on the Moon, which has no oceans.  Just as the 

Moon produces tides on the Earth, so the Earth produces tides on the Moon.  

Since the mass of the Earth is eighty-one times that of the Moon, but the 

distance is the same one was as the other, you might suspect that the tidal 

effect of Earth-on-Moon would be eighty-one times that of Moon-On-Earth.  

Actually it is not quite that high.  The Moon is a smaller body than the Earth 

so there’s a smaller gravitational difference over its width that there would 

be in the case of the larger Earth.  Without going into details of the 

mathematics (after all, I must spare you something) I can give you the 

results – If the effect of the Moon-on-Earth is considered to be 1.00, then the 

effect of Earth-on-Moon is 32,5. 

 

With the Moon affected 32.5 times as much as the Earth is, and with its 

mass, and therefore its rotational energy, considerably less than that of the 

earth, there has been ample time in the history of the solar system to 

dissipate its rotational energy to the point where the tidal bulge is frozen into 

the Moon, and where the Moon faces one side only toward the Earth.  This is 

actually the situation. 

 

Excerpt from:  

Asimov on Astronomy, p. 3 -12 

Doubleday Anchor, New York 1966 
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Centripetal Motion 

 

By Patrick Bruskiewich 

 

One concept of motion that went back to ancient times was motion around a 

circle.  The ancient philosophers considered circular motion to be perfect 

motion.  They believed that all objects in the heavens traveled in perfect 

circles.  The concept of perfect circular motion would mire science and 

astronomy for over ten centuries.  

 

We know today that, as embodied in Newton’s First Law, an object left to 

itself, not experiencing any forces, will travel in a straight or rectilinear line.   

 

Careful study of the motion of planets show that they travel in elliptical 

orbits with the sun at one of the two foci.  This was discovered by Johannes 

Kepler in the 16
th
 century (Volume Five of the New Mathematics for the 

Millions, Johannes Kepler – The Keplerian Revolution and his Three 

Planetary Laws). 

 

It so happens that a circle is a special type of ellipse, one with no 

eccentricity and therefore only one foci, the centre.  When Newton started to 

consider the motions of the heavens he though about the of the moon motion 

around the earth, which is nearly motion around a circle.  The moon’s orbit 

has a very small eccentricity.  
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The question was what kind of acceleration would an object traveling around 

in a circle feel.  During Newton’s time this was a question that was being 

considered in England and on the continent by the likes of Christian 

Huygens.  Newton acknowledged that it was Huygens who provided a valid 

solution to this question first; 

 

“What Mr. Huygens has published …  about centrifugal force, I 

suppose he had before me.” 

 

If you swing a mass attached to a string around in a circle there is a tension 

on the string.  The tension is a force that is trying to stretch or elongate the 

string.  Your can measure the magnitude of the tension using a simple spring 

balance. 

 

The question of whether this force is causing the object to escape from the 

centre – centrifugal – or be pushed towards the centre – centripetal –  is one 

of the longest ongoing dialogue in modern science.   

 

If one were to suddenly let go of the string, the mass would just continue 

along the tangent to the circle, a rectilinear line that touches the circle at that 

point, from the instant the string was released.   

 

At the instant you release the string it is the inertia of the mass that sets it on 

its rectilinear motion (remember Newton’s First Law).  It is therefore 

evident that it is the pull of the string that forces the mass towards the centre 

along its circular path.    
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Were there a force causing the object to flee the circle –  a centrifugal force 

– then the locus of points the mass would follow from the instant the string 

is released, would not be a straight line or rectilinear path but a curved line 

(there is a book question on the curve you would get if there was a 

centrifugal force). 

 

Consider now that the mass moving at a constant rate of speed around the 

circle.  With a circle of radius R, if it takes t seconds for the mass to go once 

around the circle, the speed of the mass is 

 

Speed = distance / time 

          = 2 πr / t 

 

where the distance is the circumference of the circle. 

 

It is now important to understand that speed and velocity are related, yet 

separate concepts.  Velocity has both a magnitude and a direction (it is a 

vector) while speed has only a magnitude (speed is in fact the magnitude of 

the velocity). 

 

As you look at the instantaneous change in the velocity (∆v) around the 

circle you find that the direction of that change is towards the centre of the 

circle.   
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A close look at the motion will show you that the change in velocity (∆v) 

compared to the velocity v is in the same ratio as the arc length (∆s) is to the 

radius r.   

 

In fact they describe two similar triangles.  This means then that 

 

∆v / v = ∆s / r 

 

Let is rearrange this expression so that 

 

∆v  = ∆s v / r 

 

If we divide both sides by the small increment of time ∆t that this motion 

occurs we have 

 

∆v / ∆t  = (∆s v) / (∆t r) 

 

On the right hand side we recognize that the increment of arc length divided 

by the increment of time is the velocity of the object around the circle, 

namely 

 

v = ∆s  / ∆t  

  

On the left hand side we recognize the ratio of the increment of the velocity 

to the increment of time as the acceleration of the mass, namely 
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a = ∆v / ∆t   

 

We have arrived at an expression that relates the acceleration of the object  

 

a = v
2
 /  r 

 

which depends on the velocity of the object around the circle and the radius 

of the circle itself.  Since the acceleration is directed inwards, in the same 

direction as the radius of the circle,  it is a centripetal acceleration. 

 

This expression was first discovered by Huygens and derived a little later by 

Isaac Newton.  Its importance is outlined in the next section of this 

workbook. 

 

Excerpt from: 

 

Isaac Newton  

Standing on the Shoulders of Giants 

Amazon, 2013  
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Newton – Fruitful Theory 

 

By Eric M. Rogers 

Princeton University 

 

Newton formed his theory: he framed his laws as starting points by 

intelligent guessing helped by intelligent guessing helped by hints from 

experimental knowledge; then he deduced consequences, such as Kepler’s 

laws, then tested those deductions against experiment.  In the case of 

Kepler’s laws, the experiments were already done.  Tycho’s observations 

had provided rigorous tests; so when Newton deduced them his experimental 

test; so when Newton deduced them his experimental tests of theory were 

ready for him.   

 

With these successes, there seemed little doubt that the theory was 

“right.”  By this stage it seemed worth more than the separate facts that went 

into it.  It gave a simple general meaning to planetary behaviour by linking it 

with the familiar facts of falling bodies, and it offered hopes of further 

predictions.  Newton, armed with powerful mathematical methods and 

guided by an uncanny insight, applied his theory to a variety of problems in 

his book the Principia.   Some of these are described below: 

 

1.  Masses of Sun and Earth: 
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Newton calculated the mass of the Sun in terms of the Earth’s mass.  

(The Earth’s mass itself was not known and could not be estimated without 

some terrestrial measurement like Cavendish’s).     His calculations can be 

carried out as follows: 

 

For the Earth’s motion around the Sun it its yearly orbit 

 

 

 

 

therefore 

 

 

Note that the Earth’s mass, ME cancels. 

 

For the Moon’s motion around the Earth in its monthly orbit, 
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Dividing one equation by the other 

 

 

 

 

With the known values of these times and orbit radii, the ratio of the 

Sun’s mass MS to the Earth’s Mass ME can be calculated. 

 

2.  Masses of the Planets: 

 

Newton could make similar estimates of the mass of Jupiter or any 

other planet with a satellite, in terms of the Earth’s or Sun’s mass.  (Our 

Moon has no obvious satellite yet; so its mass, which cancels out of the first 

equation applied to it, seems difficult to find). 

 

3. “g” at the Equator: 

 

Since the Earth spins, an object should seem to weigh less at the 

equator than at the pole, because some of its weight must be used to provide 

a needed centripetal force to keep it moving in a circle with the Earth’s 

surface.  An object at rest on a weighing scale must be pushed up by the 

scale less than it is pulled down by gravity (its weight).   

 

Therefore, the object’s push down on the scale (which is what the 

scale indicates), must be less than its weight by the small centripetal force 
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The Earth’s gravitational field-strength must seem less.  Newton 

calculated that this small modification of “g” which is now observed, 

together with the effects of the Earth’s spheroidal shape. 

 

4. The Earth’s bulge: 

 

Newton calculated the bulging shape of the Earth, arguing as follows.  

Suppose the Earth was spinning with its present motion when it was a pasty 

half-liquid mass.   What shape would it take?  To answer this, consider a 

pipe of water running through a spherical Earth from the North Pole to the 

center and out to the Equator.  If this were filled with water, just to the 

Earth’s surface at the North Pole, where would the water level be in the 

equatorial branch of the pipe?   

 

The water pressure at the bottom of the pipe is due to the weight of 

the water in that pipe; and this pressure pushes around the elbow at the 

bottom and out along the branch, trying to push the column of water up that 

branch.  The weight of water in that branch pulls it down.  But these two 

forces on water in the equatorial branch must be unequal.  They must differ 

by enough to provide an inward centripetal force to act on the water in that 

pipe, which is being carried around with the spinning Earth.   

 

2
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The weight of the water in that branch must exceed the upward push 

from the water at the elbow by the amount needed for 

 

 

 

    

forces.  Therefore, the water column in this pipe must be taller than that in 

the polar pipe.  The equatorial pipe must extend out beyond the Earth’s 

surface to carry the extra weight of water.   

 

Newton calculated the extra height and found that 14 miles (22.5 km) 

would be required.  He argued that the Earth at an early stage would bulge 

out about that distance.  The bulge had not yet been observed.  A short time 

later, measurements of the Earth confirmed the prediction.  Jupiter shows a 

more marked elliptical shape. 

 

5. Precession: 

 

Newton explained the precession of the equinoxes thus, the axis of the 

spinning Earth is made to slew around in a cone by the pulls of the Sun and 

Moon on the equatorial bulge.  The Earth’s axis is tilted and not 

perpendicular to the elliptic plane of the Earth’s orbit; so the equatorial 

bulge is subject to asymmetrical gravitational pulls by the Sun and the 

Moon.  The Sun would pull a spherical Earth evenly, as if all the Earth’s 

mass were at the center.  The resultant pull would run along the line joining 

centers of Earth and Sun, whether the Earth spins or not. 

2
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v
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A spheroid with an equatorial bulge is subject to small extra pulls on 

the bulge.  These pulls are uneven, the largest pull being on the portion of 

the bulge nearest the Sun.  These small extra pulls are equivalent to an 

average pull on the whole bulge, along the lines of the centers, plus a small 

residual force, f, which tries to rock the spin-axis.   Since the Earth’s axis is 

tilted, this force f is a slanting one, off center, with greatest slants at 

midsummer and midwinter.   

 

When such a slanting pull acts on a spinning body it does not succeed  

in rocking the body over in the expected way.  Instead, it produces a very 

curious motion, called precession, which you have seen when a spinning top 

leans over while spinning fast.  The pull of gravity on the leaning top does 

not make it fall over, but makes the spin-axis slew slowly around a cone.  

 

Newton showed that the attractions to the Sun, and even the moon, 

would make the Earth’s axis precess round a cone of 23 1/2 
o
 taking some 

26,000 years to complete a cycle.    

 

Here was a deduction of the precession that was observed by the 

Greeks and expressed more simply by Copernicus, but entirely unexplained 

until Newton’s day.  It had seemed such a strange motion that men must 

have had little hope of finding a simple explanation.  Yet Newton showed 

that it is just one more result of Universal Gravitation:  the Earth is made to 

precess like an unbalanced top. 
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6. Moon’s Motion: 

 

The Moon suffers many disturbances from a uniform circular motion.  

For one thing it moves in a Kepler ellipse, as any satellite may, with the 

Earth in one focus.  But that orbit is upset by small variations in the Sun’s 

attraction (The Sun exerts a strong, almost constant, attraction on the Moon, 

and the average of this is just sufficient to make the Moon accompany the 

Earth on its yearly orbit).   

 

The Moon is nearer the Sun at new moon than two weeks later at full 

moon, and that makes changes of attraction that hurry and slow it in the 

course of a month.  This effect is exaggerated when the Sun is nearer in our 

winter, so there is also a yearly variation in speed.   

 

In addition, the changes in Sun-pull makes the Moon’s orbit change 

its ellipticity; they tilte the Moon’s orbit up and down a little; they slew the 

orbit-plane slowly around; and they make the oval orbit revolve in its own 

plane.  Newton predicted these effects on the Moon’s motion, making 

estimates of their size where he could.  Some effects had long been 

observed; some were actually sorted out – and Newton begged the 

Astronomer Royal for the measurements; some were not observed until 

afterwards.  For the revolution of the elliptical orbit in its own plane, 

measured as 3
o
 per month, Newton’s first calculations predicted only 1 1/2 

o
.   

 

For years after Newton, mathematicians wrestled with the problem, 

trying to explain the disagreement – they even tried to modify the inverse-



 42

square law with an inverse 3
rd

 power term.  Then one of them found that 

some terms of Newton’s algebra had been neglected unjustifiably and that 

with them theory agreed with experiment.  Still later, it was found from 

Newton’s papers that Newton himself discovered the mistake and obtained 

the correct answer. 

 

Thus Newton showed that the marked irregularities of the Moon’s 

motion fit a system controlled by Universal Gravitation.  He did not work 

out the effects of the Sun’s pull in complete detail; and the Moon’s motion 

has remained a complex problem, solved with increasing detail from then 

until now … simply calculate the path of the Moon in the combined 

gravitational field of Earth and Sun.   

 

This is the “Three Body Problem”: given three large masses, heaved 

into space with any given initial velocities, work out their motions for all 

time thereafter.  Though this problem looks simple in its ingredients, it has 

remained a challenge for centuries;  its possibilities have proved too 

complex for a complete explicit solution.  Methods are still being explored. 

 

7. Tides: 

 

Ocean tides have long been a puzzle, crying for some explanation 

connected with the Moon.  Yet men found it hard to find a real connection 

and even Galileo laughed at the idea.   
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Newton showed that the tides were due to differences of the Moon’s 

attraction on the water of the ocean ...  (refer to Tide and Times by Isaac 

Asimov and  Mass as a Measure of Gravitation, by F. A. Kaempffer). 

 

8. The Moon’s Mass: 

 

By comparing neap tides and spring tides we can separate out and 

compare the effects of the Sun and the Moon.  Newton did this and was able 

to make an estimate of the Moon’s mass from the size of the tide it caused.  

In other words the Moon has always had a satellite after all, the hump of 

ocean which we call high tide.  No independent check of the Moon’s mass 

could be made for two centuries, until man could send up “Moon probe” 

satellites. 

 

At shores where there are bays and river mouths, tides may pile up to 

great heights; but at islands in mid-ocean the spring tide rise only about 4 ft 

(1.34 metres), and the neap tides only 2 ft (0.65 metres);   

 

Therefore, the tide due to [Moon + Sun] is 4ft (1.34 metres) and the 

tide due to [ Moon – Sun] is 2ft (0.65 metres).  This makes the Moon tide 3 

ft (~ 1.0 metres) and the Sun’s tide 1 ft (~ 0.3 metres).  Thus we can estimate 

the ratio of Moon’s to Sun’s mass.  However, momentum and friction make 

the problem very complicated.    
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9. Comets: 

 

Newton explained the nature of comets, those visitors in the solar 

system which had always aroused interest and even fear.  (It is strange to 

note how comets are still regarded as mysterious things by the popular press.  

A tabloid newspaper hesitates to call an eclipse a mystery because it will be 

laughed at; but when a visible comet appears, or even rumours of one, most 

newspapers make a fuss about the “mysterious event in the heavens.”  This 

superstition survives with some of the feelings that make astrology powerful 

for centuries – a sad reminder of the way in which the pressures of civilized 

life curdled man’s simple wonder into fear.) 

 

Tycho and Brahe had shown that comets are not just “vapour in the clouds” 

but that they travel across the planetary orbits, making a single trip, as was 

thought, through the solar system.  They seemed to be illuminated by 

sunlight, and therefore could only be seen when fairly near.   

 

Newton showed how comets move in a long elliptical orbit, with the 

Sun in one focus.  They are controlled by gravity just like the planets; but 

they are small and they have far more eccentric orbits so they are only 

visible when they are near the Sun.  Such comets travel out beyond the 

farthest planets, slower and slower (Kepler Law II); finally turn around the 

remote nose of their ellipse (Kepler Law I); and after a long time (Kepler 

Law III), come hurtling back into our region, then they swing, at maximum 

speed, around the Sun and away again.   
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The elliptical orbit can be measured and the comet’s return predicted.  

One of the most famous, named after its discoverer Halley (who saw the 

Principia through the press), was the first case of successful prediction, 70 

years from one visit to the next.  Newton pointed to an earlier record by 

Kepler at just the right time, and predicted future returns.  When these 

occurred on time, comets should have lost all mystery, though not their 

glory.  Their regular return on predicted dates gives a test of our orbit-

observations, and a further confirmation of the law of gravitation.  We can 

carry the calculations back and identify some of the comets of history.   

 

For instance, Newton’s comet observed by him in 1680 and expected 

to return in 2255 may have been the comet that was thought to herald the 

death of Julius Caesar. 

 

Occasionally a comet suffers a severe gravitational perturbation in 

passing near a big planet, and changes to a new orbit with a different cycle 

of returns.  This is how we know comets have small mass; they are affected, 

but the planet, pulled with an equal and opposite force, fails to show a 

noticeable effect. 

 

If a comet arrives from outer space very fast, it swings around the Sun 

and away in its new direction in a hyperbola instead of an ellipse, and then it 

never comes back …   
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10.  Gravity Inside the Earth: 

 

Newton showed by calculus that a hollow spherical shell of matter 

attracts a small mass outside it as if the shell’s mass was concentrated at its 

center … He also showed that a hollow spherical shell would exert no force 

at all on a small mass inside it.   

 

11. Artificial Satellites: 

 

Newton pointed out that any projectile is an Earth-Satellite.  Suppose 

a man on a mountain top fires a bullet horizontally.  A slow bullet falls to the 

ground in a “parabola”, which has its focus just below the nose.  The path is 

really a Kepler ellipse, with the lower focus at the Earth’s centre.  Parabola 

and ellipse are indistinguishable in the small part of the orbit observed 

before the ball hits the ground.  To obtain a true parabola we need a great 

flat Earth, not a round one with radial directions of “g”).   

 

A faster bullet still makes an ellipse, but no so eccentric – still faster, 

and even rounder ellipse.  One fired fast enough would go on around the 

Earth, like a little Moon, travelling round its circular orbit again and again 

(provided the man got out of the way one “little-moon-month”  after firing 

the bullet).  Here was Newton’s picture of an artificial satellite.  It and the 

Moon would form a Kepler-Law-III group, with Earth as owner.  We now 

have satellites that do this. 
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Fire the bullet still faster than for a circular orbit, and its path would 

be an ellipse with the Earth’s center in the nearest focus this time.  Still 

faster and the ellipse would elongate to a great parabola.  Faster still and the 

bullet would leave the Earth in a hyperbola and would never return.  The 

velocity necessary for such “escape” can be calculated – an important matter 

for future space travel, and important long ago for speedy gas molecules that 

escaped from the atmosphere. 

 

12.  Planetary Perturbations: The Great Discovery 

 

The major influence on a planet’s motion comes from the Sun; but the 

other planets, acting with the same universal gravitation, also apply small 

forces which “perturb” the simple motion.  Newton began the study of these 

perturbations.  For example, the great planet Jupiter attracts neighbouring 

Saturn enough to make noticeable changes in Saturn’s orbit.  The attraction 

changes in direction, since Jupiter and Saturn are moving in their orbits; and 

it changes greatly in amount, as the planets move from the greatest to the 

closest approach (the distance apart changes from the sum of the orbit radii 

[880 million miles + 480 million miles] to [880 – 480] million, a change in 

proportion 3 1/2 to 1.  This makes the perturbing attraction increase in 

proportion 1 to 12). 

 

This small, tilting, changing pull builds us changes of motion that 

accumulate in tiny perceptible changes of orbit.  Newton estimated this 

effect and showed that it fitted with observed peculiarities of Saturn’s 
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motion.  However, the general problem is very difficult, and Newton made 

only a start on it. 

 

A study of planetary perturbations looks like fiddling with trivial 

details; yet over a century later it led to a great triumph, the discovery of a 

new planet.  Before the first planet beyond the five known to Copernicus 

was discovered by telescopic observation.  In 1781 Herschel noticed a star 

that looked larger than its neighbours and was found to move.  This proved 

to be a planet, soon named Uranus.  The new planet was found to be twice as 

far as Saturn, and its orbit radius and year fir into Kepler’s Law III. 

 

The continued observation of Uranus showed small deviations from 

the Kepler orbit.  Some of these can be explained as perturbations due to 

Saturn or Jupiter.  However, an unexplained “error” remained – a mere 

1/100 of a degree in 1820.    Some astronomers questioned whether the 

inverse-square law was exactly true of nature; others speculated about 

another, unknown planet, perturbing Uranus.  That was ingenious but posed 

an almost impossible problem.  However, two young mathematicians, 

Adams in England and Leverrier in France, set out to locate the planet.  It is 

hard enough to compute the effect of one planet on another.   Here was the 

reverse problem, with one of the participants quite unknown: its mass, 

distance, direction and motion all had to be guessed and tried from the tiny 

residual derivations of Uranus from its Kepler orbit, 

 

Adams started on the problem as soon as he finished his 

undergraduate career. Two years later he wrote to the Astronomer Royal 

telling him where to look for a new planet.  Adams was right within 2 
o
; but 
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the Astronomer Royal took no notice, beyond asking Adams for more 

information.  Then, as now, professional scientists were besieged with letters 

from cranky enthusiasts and had to ignore them. 

 

Meanwhile, Leverrier was working on the problem quite 

independently.  He examined several hypotheses, decided on an unknown 

planet, and finally managed to predict its position, near to Adams’.  He too 

wrote the Astronomer Royal, who then arranged for a careful but leisurely 

search. By this time other astronomers began to believe in the possibility – 

“We see it as Columbus saw America from the shores of Spain.”   

 

Leverrier wrote also to the head of the Berlin Observatory, who 

looked as directed, compared his observation with his new star-map, and 

saw the planet! 

 

The discover raced around the world and was soon confirmed in every 

observatory.  The new planet, discovered by pure theory, was Neptune. 

 

(The “error” is the difference between the observed position of Uranus and 

the expected position for a Kepler orbit after known perturbations had been 

subtracted.  The year 1781 marks the discovery of Uranus by Herschel.  

Working back to its orbit in earlier times, astronomers found that Uranus had 

been observed and recorded as a star in at least ten instances. ) 
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Newton’s Method 

 

Newton set forth his treatment of astronomy in the Principia.  He was 

using deduction to derive many things from a few laws, but his treatment 

was essentially different from the deductive methods of the Greeks and their 

followers.  Newton devised his theory with the help of guesses from 

experiment; then drew from that theory many deductions; and then tested as 

many of these deductions as he could by experiment.  Thus his theory was a 

framework of thought and knowledge, tied to reality by experiment and clear 

definitions, able to make new predictions which in turn were tested by 

experiment. 

 

A theory, as Newton used it, “explained” a variety of mysteries by 

referring them to a few familiar things. 

 

Newton’s successors mistook Newton’s views of gravitation.  They 

thought he treated it as “action at a distance,” a mysterious force that arrives 

instantaneously through a vacuum, in contrast with Descartes’ picture of 

space filled with whirlpool vortices that transmit force and motion. 

 

Newton himself merely said that an inverse-square field of force will 

account for Kepler’s laws and many things besides.  For this “explanation” 

he did not need to know how the force got there.  He said clearly that he did 

not know the cause of gravitation.  He suggested it must be some kind of 

influence that travels out from every piece of matter, and penetrates every 

other piece, but that was only description of observed properties.  He 
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insisted he did not know its ultimate cause.  “Hypotheses non fingo” – “ I 

will not feign hypotheses” – he wrote fiercely at one time.  He meant that he 

would not invent unnecessary details in his description of Nature, or pretend 

to explanations that could not be tested.  Yet in later writing he offered many 

a keen guess, at the nature of light, at the properties of atoms, and even of 

the mechanism of gravitation. 

 

Newton is usually described as a genius of cold, unemotional logic and 

clear insight who set the style for modern science.  But one of his 

biographers, Lord Keynes, who studied many of Newton’s writings, found 

him a difficult recluse who treated Nature as a mystical field of magic. 

 

“Newton was not the first of the age of reason.  He was the last of the 

magicians, the last of the Babylonians and Sumerians, the last great 

mind which looked out on the visible and intellectual world with the 

same eyes as those who began to build our intellectual inheritance 

rather less than 10,000 years ago.  Isaac Newton, a posthumous child 

born with no father on Christmas Day 1642, was the last wonder-child 

to whom the Magi could do sincere and appropriate homage.” 

 

(From “Newton the Man”, by J. M. Keynes, in Newton Tercentenary 

Celebrations of the Royal Society of London – Cambridge University Press, 

1947, p. 27, 28 and p. 34). 

 

He felt himself the magician who had unlocked God’s riddle of the 

solar system by reasoning from clues strewn around by God in recorded 

measurements, in experiments waiting to be done, in useful folklore, and 
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even in some inspired hints in ancient writings.  He succeeded in this by his 

extraordinary gift of concentrating continuously on a problem in reasoning,  

“his muscles of intuition being the strongest and most enduring with which a 

man has ever been gifted.”   

 

Could he not in the same way unlock the great riddle of Religion:  

discover the nature of God, explain the behaviour of matter and man’s mind, 

and reveal the whole progress of time from the original creation to the 

ultimate heaven? 

 

This tremendous mind aspired, as Keynes sees him to be “Copernicus 

and Faustus in one.”  Be that as it may, all the biographers, from Newton’s 

contemporaries to Keynes and Einstein, regard Newton as the greatest 

mathematical scientist of the last thousand years. 

 

Newton’s Guesses: 

 

As an architect of science Newton set a new building style, much of 

which is still in great use.  As a thinker about science he seems to have been 

a remarkably lucky guesser – he guessed right more often than mere chance 

would make likely.  He formulated laws of motion which we still use and 

consider very nearly “right.” 

 

He guessed correctly at Universal Gravitation.  He even made a guess, 

on scanty evidence, at the mass of the Earth – a guess which could not be 

tested at the time but had to wait for Cavendish’s experiment. 
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He argued, speculatively, that none of the solid ground can be less 

dense than water, or it would float up into mountains.  On the contrary, the 

central regions must be much denser than the outer rocks.  So, he guessed, 

the average density of the whole Earth must be between 5 and 6 times the 

density of water.  We now know it is 5 1/2 times!  The mass of the Earth is 

5.5 times that of an equal globe of water … 

 

I do not think this successful guessing which characterizes Newton 

and other great men is due to luck or to a mysterious intuition, or divine 

inspiration.  I believe it is due to Newton using more of his knowledge, 

gathering in and using chance impressions and other things barely perceived 

and soon quite forgotten by ordinary men; and thinking with great flexibility 

of mind.     

 

He had unusual intuition just because he drew upon a greater fund of 

detailed knowledge – he was sensitive and could remember …  so Newton 

was aware of nature and could draw on a rich fund of observation.   

 

Perhaps in some respects that is where greatness lies, in sensitive 

awareness of the world around – the world of people or the world of things. 

 

Excerpt from: 

 

Part Two, Chapter 22 – Newton, p. 323 - 334  
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Physics for the Inquiring Mind: The Methods, Nature and Philosophy of 

Physical Science, 

 

By E.M. Rogers. 

Princeton University Press / Oxford University Press, 

1960  
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Mass as a Measure of Gravitation 

 

By F.A. Kaempffer 

Graduate of Göttingen University 

 

One of Isaac Newton’s great feats of imagination was the recognition 

of gravity as the common cause of the falling motion of objects near the 

surface of the earth and of the orbital motion of satellites, such as the moon. 

 

For the purpose of this chapter it is more convenient to express the 

central acceleration   

 

 

 

in terms of radius r and revolution Time T, by substituting for the orbital 

velocity 

 

 

giving 

 

 

 

For a satellite of revolution time Ts near the surface of the earth of 

radius R ≈ 6.4 x 10 
6
 m one has 
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Now by astronomical observation one knows the moon’s distance d  ≈ 

3.8 x 10 
8
 m from the center of the earth, as well as its revolution time TM, 

namely  

 

d  ≈ 60 R;  TM  ≈  460 Ts   

 

Accordingly, the central acceleration causing the orbital motion of the 

moon must be of the order of magnitude 

 

 

 

 

 

 

It will be noticed that, while the moon is ≈ 60 times as far as a satellite 

near its surface, the central acceleration near the earth surface is ≈ 60
2
 times 

as large as the acceleration causing the moon’s orbit.  Therefore, 

 

Gravitational acceleration can account for both satellite motions, 

provided it is inversely proportional to the square of the distance from 

the accelerating center. 

 

On the basis of this kind of consideration Newton proposed his universal 

law of Gravitation, which for the purpose of the present work can be stated 

in this form: 
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Any object produces at a distance r from its center a gravitational 

acceleration 

 

 

 

where the proportionality factor m is called the gravitational “mass” of the 

object, and G is a universal constant whose value depends on what units are 

measured are used.  The word “center” will later be identified more precisely 

as the “center of mass.”  For the immediate purpose it is sufficient to assume 

that there is some point from which the distance r is to be measured.   This 

law constitutes an operational definition of mass.  

 

Gravitation happens to be the weakest of all known interactions 

occurring in nature. The gravitational acceleration caused by 1 kg at a 

distance of 1 m from its center is experimentally found to have the 

exceeding small value of 6.67 x 10 
-11

  m sec 
-2

, which is equivalent to saying 

the gravitational constant G has the value 

 

 

 

Laboratory experiments designed to measure G belong, accordingly, 

to the class of very difficult experiments.  The apparatus used in such 

experiments is in practically all cases some variation of the classic design by 

Cavendish, allowing one to observe, in effect, the falling motion of a small 

mass m2 towards a large mass m1. 
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An alert reader will at this point question whether, in the Cavendish 

experiment, not only mass m1 will cause a gravitational acceleration at the 

position of mass m2, but also mass m2 will (accordingly to Newton’s law of 

gravitation) cause an acceleration at the position of mass m1.  This is indeed 

true.   

 

If the distance between the two masses m1 and m2 is r then the 

acceleration a1 caused by m1 at the position of m2 will be directed toward m1 

and have the amount 

 

 

 

 

and the acceleration a2 caused by m2 at the position of m1 will be directed 

toward m2 and have the amount 

 

 

 

The only observable acceleration is, in principle, the relative 

acceleration a = a1 -a2 of the two masses with respect to each other, of 

amount (since a1 and a2 are antiparallel) 
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Thus, the observation of the gravitational acceleration of two masses 

contains. In principle, only information about the total mass M12 = m1 + m2 

of the system, and the masses m1 and m2 cannot be determined separately in 

this way.  

 

In many astronomical applications involving two objects, one of the 

masses, m1 say, is very much larger than the other mass m2 and in first 

approximation one can then neglect the acceleration imposed on m1 by m2.  

  

For example the acceleration aMoon imposed by the moon on the earth 

is of order 

 

 

 

 

which is very much smaller than the acceleration aM imposed on the moon 

by the earth.  By comparison, the acceleration aSun imposed on both the 

Earth and the Moon by the Sun is of order 

 

 

 

where D is the radius of earth’s orbit around the sun, and TE the earth’s 

revolution time on that orbit around the sun.  Thus the orbital motion of the 

earth is mainly determined by the gravity of the sun, the gravity of the moon 

causing only a small perturbation of that motion.   
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 Johannes Kepler had discovered prior to Newton, the possibility of 

describing the actual orbits of planets around the sun by 

 

Kepler’s First Law:  Any planet describes an ellipse so that the sun is 

located at one of the focus of the ellipse. 

 

Kepler’s Second Law: The radius vector connecting sun and planet sweeps 

out equal areas in equal times. 

 

Kepler’s Third Law:  The cubes of the semi-major axes of orbits are 

proportional to the squares of the revolution times. 

 

Newton showed later that these laws are a consequence of his law of 

gravitation.  The mathematical treatment of elliptical orbits is beyond the 

scope of this work; only the special case of circular orbits, corresponding to 

equality of major and minor axes, will be treated in detail. 

 

The almost magical fascination exuded by Newton’s law of 

gravitation resides in its power to make large and/or distant masses subject 

to quantitative measurement.  Thus the mass of the earth, which at the 

distance R ≈ 6.4 x 10 
6
 m from its center produces the familiar gravitational 

acceleration g ≈ 10 m sec
-2

, is obtained immediately by substitution of these 

values into   
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Similarly, the mass of the sun which causes at the distance D ≈ 1.5 x 

10 
11

 m (namely, at the position of the earth) the acceleration aSun is obtained 

as  

 

 

 

 

Beyond the aesthetic satisfaction it conveys, Newton’s law of 

gravitation has also acquired practical value in celestial mechanics, 

particularly since the advent of artificial satellites.  To estimate the radius of 

a circular satellite orbit of given revolution time it is useful to extract from 

Newton’s law of gravitation Kepler’s third law for the special case of 

circular orbits.  Whenever a central acceleration is identical with the 

gravitational acceleration towards the center  

 

 

 

one has the relationship 

 

 

 

 

In words:  the cubes of the radii of circular orbits around a common 

center of attraction is proportional to the squares of the revolution times.   
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For example, if R and TS are the orbital radius and revolution time of 

a satellite near the earth’s surface, and r is the orbital radius of a satellite of 

the revolution of T = 24 hr, one has, neglecting the effect of the moon on the 

satellites, 

 

 

 

 

 

allowing one to estimate the radius r as 

 

 

 

 

 

 

This type of orbit is particularly interesting, because if such a satellite 

is established by launching it from west to east above the equator, it will, on 

account of the earth’s spin around the polar axis, remain stationary with 

respect to ground.  The advantages of a whole network of such stationary 

relay satellites for communications are obvious. 

 

Although the gravitation acceleration on the earth due to the moon is 

small compared with the acceleration due to the sun and very much smaller 

than the local gravity g on the surface of the earth, it does contribute to an 

interesting and familiar effect known as the “tides”.   
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 To understand the origin of the tidal effect, consider a space capsule 

of length L, whose center is moving in free fall on an orbit of instantaneous 

distance r from an attracting center of mass m.  It is not necessary that the 

motion of the capsule is solely due to the attraction of m.  There many be 

other more distant masses contributing to the falling motion.  In any case the 

mass m will contribute to the acceleration of the capsule as a whole the 

amount 

 

 

 

However, an observer 1 located at one of the walls of the capsule closest to 

m will be subject to a slightly larger acceleration due to m, namely, 

 

 

 

 

 

whereas observer 2 located on the wall opposite to observer 1 will be 

accelerated toward m by an amount less than ag, namely,  
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Accordingly, the two observers 1 and 2 with respect to each other will be 

accelerated by the amount a1 – a2, and each will drift away from the center of 

the capsule with the tidal acceleration (assuming L << r ) 

 

 

 

 

 

 

   

 

 

 

 

 

Thus all tidal effects are inversely proportional to the cube of the distance 

from the gravitating center. 

 

The tidal effect of the moon on the earth is obtained by substituting 

for L twice the radius of the earth, L = 2R, for r the distance between earth 

and moon, r = d = 60 R, and for aG the gravitational acceleration exerted on 

the center of the earth by the moon, yielding 

 

 

 

The sun, on the other hand, contributes to the tidal effects on earth an 

amount obtained  
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It is seen that, although the sun’s gravity effect on earth is almost two 

hundred times as large as that of the moon, the tidal effect of the sun on the 

earth is less than half the tidal effect of the moon. 

 

The tides of the oceans are thus a superposition of two effects, the 

effect of the moon being dominant.  The details of the phenomenon are 

complicated by the inclination of the earth’s polar axis with respect to its 

orbital plan (the “ecliptic” plane), making the crest of the tidal wave shift in 

latitude with the seasons.  Another complications is caused by the inclination 

of the moon’s orbital plane with respect to the earth’s orbital plane. 

 

In the literature one sometimes find statements to the effect that an 

observer inside a free falling space capsule cannot tell whether he is in orbit 

around an attracting center of moving in a particularly straight line 

somewhere far away from any gravitating objects.  If one ignores the size L 

of the capsule altogether, put in the equation L =0, the statement becomes 

true.  Since, however, any actual observer will always have some finite size 

L, tidal effects can always be used, in principle, to monitor all gravitational 

accelerations experienced by the capsule.   

 

Adopted from Chapter 3,  

The Elements of Physics. p. 24 - 32 

Blaisdell Publishing Co. Toronto, 1967  
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Estimating a Value for G 

 

By Patrick Bruskiewich 

 

Using Kepler’s Third Law, and the orbital parameters for the moon, it is 

possible to estimate the value for Big G the Gravitational Constant. 

 

The mean radius of the orbit of the moon is around 59.6 earth radii (r = 3.81 

x 10 
8
 m ). The radius of the earth is about 6,400 km.  It takes 27.3 days for 

the moon to complete one orbit around the earth ( t = 2.36 x 10 
6
 s). 

 

The final measure we need for our calculation is an estimate for the mass of 

the Earth, M.   

 

The mean density of the earth is somewhere between rock and iron.  It 

would be reasonable to set an estimate of 5,400 kg / m
3
 for the density of the 

earth.    

 

This means that an estimate for the mass of the earth is  

 

M = (5,400 kg / m
3
) (4 π /3) (6,400,000 m)

3
 

     = 5.93 x 10 
24

 kg 
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We can solve for G, namely 

 

GEstimate = (4 π
2
 / M) (r

3
 / t 

2
)  

       = 6.56 x 10 
– 11

 N m
2
/kg

2
  

 

which is with 1.6 % of the standard measure for G, and is in fact more 

accurate than Cavendish’s original measurements. 

 

Excerpt from: 

 

Isaac Newton  

Standing on the Shoulders of Giants 

Amazon, 2013  
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Moon Workbook Questions 

 

1.   The Penumbra is about three times the width of the Umbra.  Draw and 

annotate a diagram to accompany the estimate that Aristarchus did of the 

distance between the Earth and the Moon. 

 

2.  To a first approximation the Moon orbits in a circle (its actually an ellipse 

with an eccentricity of about 0.06).  Using the ancient estimate of the 

distance between the Earth and the Moon, estimate the speed at which the 

moon orbits the earth in metres per second. 

 

3.  To first approximation the density of the moon is about that of the Earth’s 

crust (in actual fact the Moon does not have a large heavy core like the 

Earth).  What would be an approximation of the ratio of the Moon’s mass to 

that of the Earth based on relative size? 

 

4.  On metric graph paper, using a scale of 1 cm equals 25,000 km, (a scale 

of 1 to 250,000,000) plot the relative distance between the Earth and the 

Moon, as well as their relative size. 

 

5. Look up the density of the moon compared to that of the earth and redo 

the estimate of the ratio of the Moon’s mass to that of the Earth?  In the next 

unit we shall visit the question as to how the moon was formed.  The relative 

density of the Moon to that of the Earth should give you a clue. 
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6.  Do some research into the incredible voyage of Apollo 11 to the moon 

and back.  On your scale drawing of the Earth Moon system, plot the voyage 

of Apollo 11 to the moon and back.  Then go and watch the Tom Hank film 

Apollo 13.  How does the scale of this incredible rescue mission make you 

feel?  Who said “failure is not an option, gentleman!” 

 

7.  List out the predictions made by Sir Isaac Newton in his Principia, and 

comment on how and when these predictions were confirmed. 

 

8.  The observations made by Sir John Maynard Keynes of the life of Sir 

Isaac Newton provides a unique perspective to Newton’s Life.  Research 

Newton’s interests in Alchemy and Numerology. 

 

9.  In terms of the ratio of masses of the Moon to the Earth, how does this 

ratio compare to other Planet-Moon systems in our solar system? In terms of 

the Jupiter Moon system, comment as to how the tidal forces are affecting 

the inner moons of Jupiter. 

 

10. Since tides play a role in orbital dynamics, speculate why there is no 

planet between Mars and Jupiter, but a collection of asteroids instead (this 

question will be looked into in further detail in Astr 1141 Course Unit 

Three). 
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